Density-functional-theory calculations within the generalized-gradient approximation are used to establish the ground-state structure, optimized geometry, and electronic structure for Mg͑AlH 4 ͒ 2 and Mg͑BH 4 ͒ 2 . Among 28 structural arrangements used as inputs for structural optimization calculations, the experimentally known framework is reproduced for Mg͑AlH 4 ͒ 2 ͑space group P3m1͒ with positional and unit-cell parameters in good agreement with the experimental findings. The crystal structure of Mg͑BH 4 ͒ 2 is predicted, the ground-state framework being orthorhombic ͑space group The implementation of the "hydrogen economyЉ demands access to materials with a high weight percentage of hydrogen which can operate ͑hydrogen loading/unloading͒ at acceptable temperatures and costs. To date known hydrides ͑metal or complex hydrides͒ are unable to fulfill these requirements. Several complex hydrides have high hydrogen content, but unfortunately poor kinetics and lack reversibility with respect to hydrogen absorption/desorption. Recent experimental findings have shown that the decomposition temperature for certain complex hydrides can be modified by introduction of additives.
The implementation of the "hydrogen economyЉ demands access to materials with a high weight percentage of hydrogen which can operate ͑hydrogen loading/unloading͒ at acceptable temperatures and costs. To date known hydrides ͑metal or complex hydrides͒ are unable to fulfill these requirements. Several complex hydrides have high hydrogen content, but unfortunately poor kinetics and lack reversibility with respect to hydrogen absorption/desorption. Recent experimental findings have shown that the decomposition temperature for certain complex hydrides can be modified by introduction of additives.
1,2 This has opened up research activity on identification of appropriate admixtures for known or hitherto unexplored complex hydrides. Accurate structural studies of hydrides have been limited owing to often complicated structural arrangements and the difficulties involved in establishing hydrogen positions by x-ray diffraction methods. 3 As proposed in our earlier communications it should be possible to form several series of hydrides with alkali and alkaline-earth metals in combination with group III elements of the Periodic table, but only few members of these series have so far been experimentally explored. Mgbased hydrides have received special attention because of their lower weight and manufacturing costs. In particular, Mg͑AlH 4 ͒ 2 has been the focus of interest since, out of the theoretical 9.3 wt % hydrogen, 7 wt % may be extracted at temperatures as low as 135-163°C. [4] [5] [6] However, the lack of reversibility represents a yet unsolved problem. In analogy with Mg͑AlH 4 ͒ 2 it is possible to imagine a series of compounds with the general formula M͑BH 4 ͒ 2 ͑M = Be, Mg, Ca, Sr, Ba͒. This letter focuses on the structural stability of Mg͑BH 4 ͒ 2 , which we will compare with that of the well established Mg͑AlH 4 ͒ 2 phase. Mg͑BH 4 ͒ 2 can theoretically store up to 16.8 wt % H and its existence and synthesis route are already indicated in the literature. 7 In addition to structure exploration, electronic structure properties of Mg͑BH 4 ͒ 2 are investigated within the scope of density-functional theory. Studies of the rest of the M͑AlH 4 ͒ 2 series are in progress and results will be reported in forthcoming articles.
Total energies have been calculated by the projectedaugmented plane-wave 8 ͑PAW͒ implementation of the Vienna ab initio simulation package ͑VASP͒. 9 The generalizedgradient approximation 10 ͑GGA͒ was used to obtain accurate exchange and correlation energies for particular configurations of atoms. Ground-state geometries were determined by minimizing stresses and Hellman-Feynman forces with the conjugate-gradient algorithm, until forces on all atomic sites were less than 10 −3 eV Å −1 . Brillouin zone integration was performed with a Gaussian broadening of 0.1 eV for all relaxations. In order to span a wide range of energetically accessible crystal structures, unit-cell volume and shape as well as atomic positions were relaxed simultaneously in a series of calculations made with progressively increasing precision. A final high accuracy calculation of the total energy was performed after completion of the relaxations with respect to k-point convergence and plane-wave cutoff. From various sets of calculations it was found that 512 k points in the whole Brillouin zone with a 500 eV plane-wave cutoff are sufficient for the Mg͑AlH 4 ͒ 2 structure to ensure optimum accuracy in the computed results. A similar density of k points and energy cutoff were used for the other structures/ phases considered. The present type of theoretical approach has recently been applied 11 to explore ambient-and high pressure phases, which in many cases have later been experimentally verified. 12 For the exploration of possible reaction pathways we have also computed the total energy for Mg ͑P6 3 / mmc͒, MgH 2 ͑P4 2 / mnm͒, MgB 2 ͑P6/mmm͒, B 2 H 6 ͑P2 1 / n͒, and B ͑P4 2 / nnm͒ in their ground-state structures with full geometry optimization. The reaction enthalpy were calculated from the total energy of the reactants and products involved in the reaction concerned. The validity of such an approach is tested and found satisfactory for known hydride phases. Even though temperature effects were not included in this approach one can reliably reproduce/predict formation enthalpies, viz. temperature effects roughly cancel owing to similarities in the phonon spectra among reactants and product.
Twenty-eight potentially applicable structure types have been used as inputs in the structural optimization calcula- 13 It should be noted that during the stress and stain relaxations some of the initial structures are converted into another structure type or a structure which was not included amoung the selected guess structures.
Experimental studies 6, 14 have established that Mg͑AlH 4 ͒ 2 is stabilized in a structure following the symmetry of space group P3ml. According to the optimization calculations for the considered 28 structural inputs, the experimental variant proved to have the lowest total energy with good agreement between the calculated structural parameters and the low temperature powder neutron diffraction data 14 ͑see 6 octahedron. The bridging hydrogen atoms are located at the H2 site, whereas the hydrogen atoms in the H1 position are terminal in the crystallographic c direction. This structure thus results in a sheetlike arrangement along the c axis. The sheets are parallel to the ab plane and interconnected by van-der-Waals-like bonding rather than more regular stronger bonds.
For the Mg͑BH 4 ͒ 2 phase the Cd͑AlCl 4 ͒ 2 -type input structure proved to have the lowest total energy. However, after the completed minimization procedure it turned out that the original monoclinic Cd͑AlCl 4 ͒ 2 -type arrangement had obtained the higher symmetry of the orthorhombic space group Pmc2 1 . The thus obtained structure is to be named as another type ͓hereafter denoted as Mg͑BH 4 ͒ 2 type͔ in the 1:2:8-composed family. 13 The stress and strain relaxed calculations which were constrained to the proper Cd͑AlCl 4 ͒ 2 -type symmetry turned out to have 0.08 eV higher energy than the ultimate Mg͑BH 4 ͒ 2 -type solution according to space group Pmc2 1 . Similar to the Mg͑AlH 4 ͒ 2 structure, the Mg͑BH 4 ͒ 2 atomic arrangement also exhibits sheetlike features ͑see Formation enthalpy is the best aid to establish whether theoretically predicted phases are likely to be stable and such data may serve as guide for possible synthesis routes. The formation enthalpy for Mg͑AlH 4 ͒ 2 is already introduced in the literature and the findings suggest that Mg͑AlH 4 ͒ 2 should be unstable. 16 In this study we have considered the following eight possible reaction pathways for Mg͑BH 4 favorable. This suggests that preparation from the pure elements should be a better synthesis route than the start from binary hydrides. However, the situation may turn out to be quite different when reaction kinetics is taken into account. Fig. 2 . Mg͑BH 4 ͒ 2 and Mg͑AlH 4 ͒ 2 are both nonmetallic compounds with calculated band gap of 6.2 and 4.4 eV, respectively. It should be noted that the GW level of approximation in the calculations for Mg͑AlH 4 ͒ 2 ͑Ref. 17͒ enhanced the band gap by ϳ2 eV. Our experience from similar calculations for MgH 2 is that the band gap discrepancy between theory and experiment for this class of hydrides should be within 12%. 11 Based on such an assumption, we estimate the band gap in Mg͑BH 4 ͒ 2 and Mg͑AlH 4 ͒ 2 to be ϳ7.0 and 5.0 eV, respectively. The valence band is split into two bands for both phases, the split region being very narrow in Mg͑AlH 4 ͒ 2 . A similar feature is observed 18 for LiAlH 4 and NaAlH 4 . Common structural features for all these phases is the tetrahedral BH 4 / AlH 4 unit and a very similar bonding situation. The basically ionic interaction between Mg and BH 4 / AlH 4 also has its parallel for alkali metal to AlH 4 interaction in LiAlH 4 and NaAlH 4 . More specifically we see the B-H/Al-H interaction within the BH 4 / AlH 4 tetrahedra as ionocovalent and that between Mg and H as more purely ionic.
In summary, from the structure-optimization calculation with 28 different input structure models, the crystal structure of Mg͑AlH 4 ͒ 2 is reproduced and the structure of Mg͑BH 4 ͒ 2 is predicted. Mg͑BH 4 ͒ 2 can theoretically store up to 16.8 wt %. Our estimated values for formation enthalpy suggest that it should be possible to synthesize this phase. Studies of various constructed reaction pathways suggest that preparation of Mg͑BH 4 ͒ 2 from the pure elements is energetically more favorable than synthesis via binary intermediates. Density-of-state studies reveal that both these phases are wide-band-gap insulators.
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